Under low temperature conditions, the cytochrome pathway of respiration is repressed and reactive oxygen species (ROS) are produced in plants. Mitochondrial alternative oxidase (AOX) is the terminal oxidase responsible for the cyanideinsensitive and salicylhydroxamic acid-sensitive respiration. To study functions of wheat AOX genes under low temperature, we produced transgenic Arabidopsis by introducing Waox1a expressed under control of the cauliflower mosaic virus (CaMV) 35S promoter in Arabidopsis thaliana . The enhancement of endogenous AOX1a expression via low temperature stress was delayed in the transgenic Arabidopsis . Recovery of the total respiration activity under low temperature occurred more rapidly in the transgenic plants than in the wild-type plants due to a constitutively increased alternative pathway capacity. Levels of ROS decreased in the transgenic plants under low temperature stress. These results support the hypothesis that AOX alleviates oxidative stress when the cytochrome pathway of respiration is inhibited under abiotic stress conditions.
In plant mitochondria, there exists a unique respiratory pathway called the cyanide-insensitive and salicylhydroxamic acid (SHAM)-sensitive alternative pathway, besides the main cyanide-sensitive cytochrome pathway (Henry and Nyns, 1975) . The alternative pathway is a non-phosphorylating electron transport pathway branching from the cytochrome pathway at the ubiquinone pool, and the electron flow through the pathway reduces oxygen to water without conservation of energy in the form of ATP (Lambers, 1982; Siedow, 1982) . Because no proton motive force develops in this pathway, all the free energy is released as heat (Moore et al., 1978) . It has been reported that the activity of the alternative pathway is enhanced or changed under various conditions including environmental and developmental changes (McIntosh, 1994) . The electron transport chains of mitochondria and chloroplasts are some of the well-documented sources of reactive oxygen species (ROS) in plant cells (Moller, 2001) . At least some of the effects of low temperature stress are mediated by ROS (Bowler et al., 1992) . To keep ROS at low steady-state levels, antioxidant enzymes function under the low temperature stress conditions (Prasad et al., 1994a; Prasad, 1996) . Competence and stability of mitochondria are important for the plants to survive low temperature stress, because mitochondria are the source and target of oxidative stress (Prasad et al., 1994b) . All conditions causing oxidative stress induce the AOX activity, suggesting that AOX can function as a mechanism to decrease the formation of ROS produced as a result of impaired or restricted respiration activity (Moore et al., 2002) .
A down-regulation of the cytochrome pathway is accompanied by an increase in AOX capacity . When plants are placed under low temperature conditions, the capacity of alternative pathway increases (Vanlerberghe and McIntosh, 1992; Purvis and Shewfelt, 1993) . The enhancement of the alternative pathway capacity in higher plants by low temperature can be partly explained by the enhanced expression of the AOX genes at the transcriptional level (Ito et al., 1997) . The alternative pathway was also suggested to work as Edited by Koji Murai * Corresponding author. E-mail: takumi@kobe-u.ac.jp an antioxidative defense system in durum wheat when the photorespiratory cycle is highly active, as in the case of exposure to environmental stress (Pastore et al., 2001) . In spite of these studies showing that AOX is responsive to low temperature stress, information on the interrelationships of low temperature, ROS and AOX is quite limited. We previously isolated two genes, Waox1a and Waox1c , encoding the AOX proteins from common wheat (Takumi et al., 2002) . The two AOX genes were commonly responsive to low temperature, but they showed different responses to cyanide. Here, we report ROS production and respiration activities under low temperature in a transgenic Arabidopsis plant overexpressing the Waox1a gene. We also discuss the putative function of plant AOXs under aboitic stress conditions.
The and homozygous T 2 generation plants for the transgene were selected from the selfed-seed progeny. The transgenic Arabidopsis line contained two copies of the transgene (data not shown) and accumulated abundant AOX proteins in the seedling leaves (Fig. 1A ). Western blot analysis was performed using a mitochondria-enriched fraction prepared from seedlings grown under the standard condition and monoclonal antibody against AOX (Elthon et al. 1989) . No morphological alterations were observed during selection process of the transgenic plants, which agreed with the previous reports of transformation with the tobacco and Arabidopsis AOX genes (Gilliland et al., 2003; Umbach et al., 2005) . Total RNA samples for expression analysis were extracted from the Arabidopsis seedling leaves and treated with DNaseI to remove the contaminated DNA. RT-PCR with the gene-specific primer sets (Table  1 ) resulted in amplification of the specific single fragments. The amplification at fewer cycles for each gene was in the exponential range of amplification. Arabidopsis AOX1a transcript level was upregulated by low temperature (Fig. 1B) , but the increase was transient in wild-type plants. The transient increase of the AOX1a transcript level contrasted with the transient decrease of the cox6b transcript level under low temperature. The expression of the Waox1a transgene seemed not to influence the expression profiles of nad9 and cox6b under the low temperature conditions in the transgenic plant ( Fig.  1B and 1C) . The introduced Waox1a gene was constitutively expressed under low temperature. Transcript accumulation level of atp9 after 5 d low temperature treatment was more abundant in the transgenic Arabidopsis than in wild type. The AOX1a expression pattern differed significantly in the transgenic Arabidopsis as compared with the wild type (Fig. 1D) . A rapid and transient increase of the AOX1a transcript accumulation level was observed within 1 d under low temperature in the wild-type plants, whereas the AOX1a transcript level increased towards the 5th d in the transgenic Arabidopsis . Constitutive expression of Waox1a seemed to contribute to the rapid recovering of the atp9 expression level and to result in the delayed increase of the AOX1a expression level in the transgenic plant.
Next, respiration activities/capacities were compared between the Waox1a transgenic and wild-type plants. At the indicated times of low temperature treatment (4 ° C), the seedling leaves were dissected using a scalpel into appropriate sizes (10 to 20 mg in fresh weight) and vacuum infiltrated with the buffer solution for 2-3 min to allow penetration of oxygen and inhibitors into the tissues. Antimycin A is a well-known chemical inhibitor of the cytochrome pathway . The capacity of the cytochrome pathway was estimated by the rate of oxygen uptake inhibited by 0.1 mM antimycin A in the presence of 0.25 mM SHAM or 1 mM PG, while that of the alternative pathway by the rate of oxygen uptake inhibited by 0.25 mM SHAM or 1 mM PG in the presence of 0.1 mM antimycin A. The rate of oxygen uptake was measured in the buffer, in which the same concentrations of inhibitors as those added during growth were added prior to the measurement, according to Wagner and Wagner (1997) . Means with standard error were calculated based on 3 independent experiments. No difference was observed in the rate of total O 2 consumption under the standard condition in the transgenic and wild-type plants. The rate greatly decreased within 1 d under low temperature in both plants, but the level of decrease was significantly smaller in the transgenic plant than in the wild-type plants ( Fig. 2A) . The transgenic plants more rapidly recovered the total respiration activity than the wild-type plants. The total O 2 consumption rate in the transgenic plant was fully recovered within 2 d of low temperature stress, while in the wild-type plants it was recovered up to the 90% level of the standard condition after 3 d low temperature. The cytochrome pathway accounted for a major part of the total respiration activity under the standard condition, and the level of its capacity was equivalent in the transgenic and wild-type plants (Fig. 2B) . Low temperature greatly reduced the capacities of the cytochrome pathway in both transgenic and wild-type plants. The capacity of the alternative pathway in the transgenic plants was significantly higher than that in the wild-type plants under both the standard and low temperature conditions. This constitutively high capacity of the alternative pathway seemed to contribute to the high total respiratory activity under low temperature condition in the transgenic plants. The much higher ratio of the alternative pathway in total respiration in the transgenic plants than in the wild-type plants under low temperature was apparently due to the decreased cytochrome pathway capacity (Fig. 2C) .
Arabidopsis seedlings were grown on MS medium for two weeks under the standard condition, and then trans- 
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Waox1a , Takumi et al. (2002) AOX1a , accession no. D89875; atp9 , D82062; nad9 , D82062; cox6b , AB035444; ferred to the MS medium containing 0.1 mM antimycin A. All seedlings of the wild-type Arabidopsis died on the antimycin A-containing medium within one week after the transfer. The Waox1a -overexpressing transgenic plants survived on the antimycin A-containing medium, although their growth was considerably inhibited (Fig.  3A) . This result indicated that the increased capacity of the alternative pathway conferred tolerance to antimycin A on the transgenic plants.
To compare the ROS production under low temperature in the transgenic and wild-type plants, the Arabidopsis seedlings were grown for 3 weeks under the standard condition, and then transferred to the low temperature condition for one day. Diaminobenzidine (DAB) (Wako, Osaka, Japan) was used for H 2 O 2 detection. Leaf samples were infiltrated in 2 mg ml -1 DAB solution (pH3.8) for 1 to 8 hr, and then treated with 95% ethanol for chlorophyll removal. The DAB-staining assay showed no detectable levels of ROS in the both transgenic and wildtype plants under the standard condition (Fig. 3B) . By contrast, the assay clearly showed the accumulation of ROS under low temperature in the wild-type plants. In the transgenic plants, the level of ROS was greatly lower than in the wild-type plants under low temperature. The overexpression of Waox1a thus efficiently inhibited the low temperature-induced ROS production.
The constitutively increased level of the alternative pathway ameliorated responses to ROS stress under the low temperature condition and conferred tolerance to antimycin A on the transgenic Arabidopsis (Fig. 3) . These results support the hypothesis that AOX may alleviate oxidative stress under conditions inducing overreduction of the electron transport chain (Moller, 2001; Moore et al., 2002) . The increase of alternative respiratory capacity under low temperature rapidly occurred, suggesting that the pathway responds to any temporal changes in the cytochrome pathway and effectively prevents ROS production. Over-reduction of the mitochondrial ubiquinone pool is a source of ROS (Moller, 2001) . Transgenic approaches have been demonstrated to clarify relation between AOX function and ROS production. Tobacco suspension cells overexpressing AOX produced less ROS than wild-type cells (Maxwell et al., 1999) . Transgenic tobacco plants overexpressing AOX showed smaller hypersensitive response lesions against tobacco mosaic virus than wild-type plants (Ordog et al., 2002) . These reports indicate that AOX plays an important role in decreasing the mitochondrial ROS level. Under the presence of KCN, the leaf and root tissues of transgenic Arabidopsis plants overexpressing AOX1a showed no increase in oxidative damage (Umbach et al., 2005) . Similar to the chemical inhibition of the cytochrome pathway, low temperature stress markedly inhibited the cytochrome pathway, which in conjunction with the constitutive elevation of the alternative pathway seemed to reduce ROS accumulation in leaves of the transgenic plants overexpressing Waox1a under low temperature (Figs. 2 and 3B ), being consistent with the previous studies for the AOX overexpression. Our results indicated that WAOX1a functions in ameliorating ROS production under low temperature stress that suppresses the cytochrome pathway.
